Many commercial Ti-alloys contain 6 wt.% Aluminium and these alloys are prone to precipitation of α 2 (Ti 3 Al). Here, we investigate and quantify the effect of α 2 precipitation on strain localisation behaviour for Ti-6Al-4V with an equiaxed microstructure using High Resolution Digital Image Correlation (HR-DIC) in combination with Electron Back Scatter Diffraction (EBSD). HR-DIC has enabled us to quantify strain localisation, which shows that at 1% applied strain the strain heterogeneity in terms of maximum shear strain is about twice in the sample containing α 2 precipitates compared to the α 2 -free sample. Theoretical slip trace angles for all possible slip systems were calculated using Electron Back Scatter Diffraction (EBSD) orientation data and cross-correlated with experimental slip trace angles measured from nanoscale shear strain maps recorded by HR-DIC to predict the active slip domain. It has been found that while slip type activity in terms of frequency is strongly dependent on texture in respect to loading direction, the actual shear strain contribution from prismatic slip does increase significantly in the presence of α 2 precipitation. This experimental observation supports previous calculations of Anti-Phase Boundary (APB) energies for α 2 precipitates [1] where widely dissociated partial dislocations on the prismatic plane show a lower APB energy than the APB energy associated with shearing on the basal plane in α 2 .
Introduction
Titanium alloys continue to be a crucial material for the aerospace manufacturers in the effort to improve fuel efficiency and performance of aircraft [2] due to their high specific strength and corrosion resistance [3] . The workhorse titanium alloy for aerospace applications is the α+β alloy Ti-6Al-4V, due to favourable mechanical performance including fatigue properties at moderate temperatures and relatively good manufacturability compared to more advanced Ti-alloys [4] . The mechanical properties of this alloy can be tailored by modifying the two-phase microstructure through thermomechanical processing. An essential part of the thermomechanical process is the annealing stage, as it can relieve internal stresses and age harden the alloy [4] . In Ti-6Al-4V, age hardening can be achieved by the formation of ordered and coherent α 2 precipitates (Ti 3 Al), which have a hexagonal DO19 structure.
Several studies on α 2 precipitates have been undertaken [5] - [9] , but a complete understanding of their nucleation mechanisms and effects on the mechanical properties of the alloy has yet to be achieved.
The precipitation of α 2 in Ti-Al type alloys is highly dependent on the aluminium content and the annealing conditions, with a minimum aluminium content of approximately 5 wt.% necessary to initiate α 2 formation [8] , [10] .
It has been demonstrated for binary Ti-Al alloys with relatively high Aluminium content (8-10 wt.%) that the relative intensity of the superlattice reflections increases with Al content, while the precipitate size increases from 2 nm in Ti-8Al alloy to 150 nm in Ti-10Al [6] . In addition, the shape of α 2 precipitates also evolves from initially spherical to an ellipsoidal morphology [6] . The majority of the research focussing on α 2 precipitates in Ti-6Al-4V has been performed at annealing temperatures between 500-600°C, as the α 2 solvus temperature was initially reported to be around 550°C [6] , [8] , [10] , [11] . However, depending on the alloy chemistry α 2 precipitation can also be found when annealing at higher temperatures [9] , [12] .
In Ti-Al binary alloys [6] , [7] , [13] , [14] and Ti-6Al-4V [5] , [15] , α 2 precipitation has been shown to increase yield strength and Young's modulus but significantly reduce ductility. The existence of α 2 in Ti-alloys has also been linked to a reduction in low cycle fatigue resistance and increased crack propagation rates [5] - [7] , [16] . Moreover, α 2 precipitates have been shown to have a detrimental effect on the stress corrosion cracking resistance of the alloy and cause substantial hydrogen pick up, which leads to embrittlement [17] , [18] . The effect of α 2 precipitation on mechanical properties has been associated with increased levels of slip planarity. As α 2 precipitates in commercial alloys are coherent and at the nano-scale, dislocations cut them during plastic deformation enhancing slip localisation.
In hexagonal close-packed (hcp) metals, deformation by slip occurs along the 1120 ( type Burgers vector) and the 1123 ( + type Burgers vector) directions. In the case of Ti, easy slip modes are the type 1120 1010 prismatic and 1120 (0002) basal slip [19] . It has also been suggested that 1120 1011 slip exists [19] although experimental evidence for it is relatively weak. The 1123 slip direction has a + type Burgers vector that is larger than the type Burgers vector and is therefore more difficult to activate. The planes associated with + slip are 1011 1 st order pyramidal planes and the 1122 2 nd order pyramidal planes [19] - [22] .
Previous work has shown that α 2 precipitates promote planar slip along both prismatic {1010} and basal {0002}
planes [7] , [15] , with increasing planarity associated with increasing Al content [7] . TEM investigations have demonstrated dislocations moving in pairs in the presence of α 2 to minimise the formation of Anti-Phase Boundaries (APBs) [5] , [7] , [23] . The APB energy for the respective slip systems was shown to be lower for prismatic type I dislocations compared to basal planes, with higher APB energy for prismatic type II dislocations [7] , [1] . If it is assumed that prismatic slip will always choose the lowest APB energy required then this suggests an increased likelihood of slip along the prismatic plane in materials with α 2 precipitates. Such slip localisation, or slip planarity, then promotes the formation of dislocation pile-ups at the grain boundaries [5] - [7] leading to prime locations for crack nucleation [5] , [6] , [15] . Moreover, Terlinde et al.
have shown that decreasing the grain size in binary Ti-8.6Al increases fracture strength and reduces the generation of dislocation pile-ups [23] .
More recently, slip trace analysis has been used to identify active slip systems in individual grains by imaging slip traces using Scanning Electron Microscopy (SEM) combined with grain orientation mapping by Electron
Backscatter Diffraction (EBSD) [24] , [25] . However, while such slip trace analysis can provide information on the relative frequency of the different slip systems, it does not necessarily provide information on the actual shear strain contribution of these slip modes to the overall plastic deformation.
High Resolution Digital Image Correlation (HR-DIC) is a prominent displacement mapping technique that provides experimental data to support linking continuum mechanics and dislocation dynamics [26] - [29] . DIC is a method used to map the displacement of markers on the surface of a strained sample from images acquired at different stages of deformation [26] , [27] , [29] . To perform a correct crosscorrelation each subset must show unique features, therefore a distinctive pattern is applied to the surface of the specimen. In case of high spatial resolution strain mapping at a scale that enables the analysis of slip traces, vapourassisted remodelling of deposited gold has proven to be a highly effective pattern-forming methodology [27] , [30] - [32] . The two main advantages of this method are the simplicity of creating non-repetitive but homogenous nanoscale patterns over large areas compared to other techniques (i.e. lithography or ion-beam assisted deposition) and the high spatial resolution of the 2D displacement and strain maps that can be achieved from the nano-sized speckles [27] . It has been demonstrated that this method provides detailed strain information, as single slip traces can be resolved and can be compared quantitatively to assess the level of strain heterogeneity between samples, slip systems and single grains [27] , [32] , [33] .
The aim of these experiments was to determine whether the effects of α 2 precipitation on the slip character could be measured using HR-DIC, as they are known to have a detrimental effect on the low cycle fatigue (LCF) behaviour due to an increase in strain localisation [34] . The present work utilises the nanoscale spatial resolution of the HR-DIC technique to determine if it is possible to quantify for the first time the differences in strain heterogeneity in a two-phase Ti-alloy with and without α 2 precipitates. The work also aims at providing new mechanistic insight on the effect of α 2 formation on the slip mode activity in Ti6Al-4V by cross correlating the high resolution strain maps with grain orientation information recorded by EBSD.
Experimental Procedure

Material
The material in this study was conventional Ti-6Al-4V that had been provided by Rolls-Royce plc. The material had been forged and annealed, but was not subjected to rolling. It displayed an equiaxed microstructure, a relatively weak texture (less than 2.5 times random) and also low levels of microtexture/macrozones. In order to create a simplified microstructure, samples were first solution heat treated in the α+β phase regime followed by 1°C/min cooling. This generates an equiaxed α microstructure with the β-phase restricted to triple points and a uniform grain size distribution. To compare the effect of α 2 precipitates on the deformation behaviour, two different ageing treatments were applied. One set of samples was aged at 500°C for 24 hours followed by furnace cooling at 1°C/min to promote the formation of α 2 precipitates. The other set of samples was annealed above the α 2 solvus temperature at 700°C for 2 hours and then water quenched to avoid α 2 precipitation.
Specimens were machined for tensile testing and microstructural characterisation by electric discharge machining.
The recast layer was removed through grinding. The tensile specimens had a flat dog bone geometry with a 26 mm gauge length; 3 mm gauge width and were 1 mm thick.
The samples were prepared for HR-DIC studies by initial polishing to #4000 grit paper and subsequent hand polish- 
Gold Remodelling
After EBSD mapping a gold speckle pattern was applied to the surface of each sample using the gold remodelling technique [27] . Initially, a gold layer of 25-40 nm was deposited on to the surface of the sample using an Edwards S150B sputter coater at a deposition rate of 5-8 nm/min.
The remodelling was performed by placing the sample on a hot plate between a water vapour source and an inverted beaker at a temperature of 250-300°C. The ideal pattern has a uniform distribution of speckle size to spacing. Great care was taken during the preparation as surface finish and polishing conditions can have significant impact on the resultant speckle pattern [27] .
High Resolution Digital Image Correlation (HR-DIC)
The HR-DIC images were acquired using an FEI Quanta 650 FEG-SEM in back-scattered electron (BSE) imaging mode to obtain high contrast between the speckle pattern and the substrate [31] . BSE imaging is also less sensitive to topographic features at the sample surface than secondary electron (SE) imaging, thus reducing any correlation problems caused by slip in the out-of-plane direction [36] .
Images were acquired at 20 kV with a working distance of less than 6 µm, at magnifications giving horizontal field widths of 37. for pyramidal slip. This CRSS ratio is based on CRSS values determined in [21] , [38] , [39] . Although this approach is not conclusive it does provide a satisfactory method of including all grains within the analysis. About 10% of the analysed slip traces had to be estimated using equation 1. 
Results
Material characterisation Identification of α 2 precipitation Figure 2 shows the SAEDPs that were collected from the <11 2 _ 0> zone axis on thin-foil TEM specimens from the materials that were annealed to avoid (2 hours at 700°C) and promote (24 hours at 500°C) α 2 precipitation, respectively. 
2D shear strain analysis
The maps obtained by HR-DIC are presented here in terms of maximum shear strain maps in order to take into account all in-plane strain components [27] , [41] . The maximum shear strain (ε max ) was calculated using equation 2, where ε xx is the strain in the loading direction, ε yy is the in-plane strain normal to the loading direction and ε xy is the in-plane shear strain.
The applied plastic strain as a result of the tensile test was approximated for the region of interest by calculating the average ε xx across all images.
The speckle pattern morphologies produced by the gold remodelling process are strongly influenced by the previous polishing stage [27] . Despite polishing samples using similar conditions, slight differences were observed in the speckle pattern morphologies for the samples with no precipitates and with precipitates. Since the slip traces with the highest shear strain might eventually lead to failure of the material, a minimum threshold shear strain of 10% for the 1% applied strain maps and 40% for the 5% applied strain maps was applied and the maps were replotted, see Figure 5 . This highlights that after 1% plastic strain, only 22 high shear strain slip traces are observed in the α 2 -free sample, Figure 5a , whereas the area of the sample with α 2 precipitates features 37 high shear strain slip traces, Figure 5b . It also appears that in the sample with α 2 precipitates a larger number of grains have deformed by highly localised shear strain compared to the and to a slightly lesser agree with a grain well aligned for basal slip (circled purple in Figure 6c ). To provide a more accurate prediction of slip system activity, slip trace analysis was performed by cross correlating the results of theoretical slip trace angle predictions based on the grain orientation maps with the experimentally determined slip trace angles from the HR-DIC maps. Figure 8a and b display the Schmid factor distributions for prismatic and basal slip of the regions studied for the two different microstructure conditions. These are compared to frequency histograms of active slip systems (predicted using slip trace analysis) as a function of the Schmid factor in Figure 8c and d. In addition, the number of active grains for each slip system is summarised in the respective legends in 
Discussion
Whilst it is well known that deformation in most engineering alloys is highly heterogeneous through slip band formation [42] , high-resolution strain mapping using DIC opens up the possibility to quantify the level of strain localisation during plastic deformation and hence compare different alloys and microstructural conditions in terms of strain heterogeneity. In the present work, the gold remodelling technique has been used to produce nanoscale patterns, which, in combination with SEM imaging, allows sub micron resolution strain measurements that give detailed information on the strain concentrations within single grains relative to each other and the variations across many grains. As there is not a single grain in a polycrystalline material with the same neighbourhood as another grain, statistical analysis of such data is of great importance. Therefore, Figure 9 compares frequency distributions of the maximum shear strain (binning size of 0.5%) for the two microstructural conditions after 1% and 5% plastic deformation, respectively. The maximum shear strain values have been normalised by dividing them by the averaged ε xx strain across the entire map, as calculated from the HR-DIC data, in order to take into account the slight differences in macroscopic strain between the two samples. Figure 9a demonstrates that at 1% plastic strain the sample with α 2 precipitates tends to have slip traces that generate larger shear strain than the sample without α 2 precipitates. Importantly, the maximum shear strain value (at a frequency of 0.1%) is almost twice in the sample with α 2 compared to the one without it. In other words, at 1% plastic strain α 2 precipitates seem to enhance strain localisation. When comparing maximum shear strain to average macroscopic strain the ratio reached in the α 2 -containing sample is about 20, while in the α 2 free sample this ratio is only 11-12. Previous studies using HR-DIC with a similar spatial resolution in austenitic stainless steel [27] and titanium [32] have shown peak-to-applied strain ratios of ≈10, which is in agreement with the observations for the α 2 -free sample. However, the higher peak-to-applied strain ratio observed in the sample with α 2 precipitates is likely to be a result of increased slip planarity and shearing associated with the precipitates [5] - [7] . However, Figure 9b demonstrates that at higher (5%) plastic strain the α 2 precipitates and α 2 -free samples have slip traces that generate similar shear strain intensities. When comparing maximum shear strain to average macroscopic strain the ratio reached in both samples is about 13-14. This indicates that at 5% plastic strain the effect of the α 2 precipitates on the strain localisation diminishes. [25] , [43] - [45] . CP-Ti [44] shows less basal slip with more grains deforming by prismatic slip and twinning than in the current work. While the absence of twinning in Ti-6Al-4V can be attributed to the high Al content [39] , [46] , the difference in slip mode dominance is not necessarily a result of different alloy chemistry but can be attributed to differences in starting texture and loading direction. Indeed, the work here highlights the importance of considering the starting texture when studying effect of alloy chemistry on slip modes in Ti-alloys.
The difference in local texture between the two material conditions in the present work has strongly influenced the slip system activity across the analysed regions, as shown in Figure 8 . In the α 2 -free sample, there was a strong dominance for prismatic slip as the majority of grains in the studied region are well aligned for this slip system. This particular region also appears to show a number of neighbouring grains with a similar crystallographic orientation (high Schmid factor for prismatic slip, see Figure 6a ), which is expected to reduce the constraint on these grains and promote early slip. In contrast, for the sample with α 2 precipitates, a similar number of grains deformed by basal relative to prismatic slip, which can be related to the stud- Combining the slip trace analysis and HR-DIC-based strain mapping also enabled to quantify strain heterogeneity for individual slip system, i.e. prismatic, basal and pyramidal slip. As for Figure 9 , the measured shear strain was normalised by considering the slightly different levels of ε xx strain in the interrogated region when comparing the two material conditions. The data are presented in Figure 11 using a bin size of 0.5% shear strain. Figure 11a shows that at 1% applied strain no significant difference in the frequency distributions for the three different slip modes is detected in the α 2 -free sample with maximum normalised shear strains reaching 8%, 9% and 10% for pyramidal, basal and prismatic slip at a frequency of 0.01%. In contrast, Figure 11b demonstrates clear differences for pyramidal, basal and prismatic slip with maximum normalised shear strain values of 5%, 8% and 15%. Figure 11c and d show that the trends remain at 5% applied strain with the difference in heterogeneity for the respective slip systems reducing further for the α 2 -free sample, while prismatic slip continues to be the most shear strain intense slip system for the sample containing α 2 precipitates. However, the level of heterogeneity for the respective slip systems is less pronounced with maximum normalised shear strains of 6%, 8% and 10% for pyramidal, basal and prismatic slip, respectively.
Hence, while the investigated region of the α 2 -containing sample does show a high number of basal slip traces, which can be explained by the microtexture, the actual shear strain related to prismatic slip is still enhanced by the presence of α 2 precipitates. Figure 11 also enables a more quantitative analysis of strain heterogeneity between microstructures and slip systems by calculating the gradient of the linear portion of the log-log frequency distributions, providing data found in Table 1 . Here, a shallower angle, and hence less negative number, indicates higher strain heterogeneity. This provides a statistical method of characterising the level of strain heterogeneity from the HR-DIC strain maps that could then be used to compare the deformation behaviour across different materials and microstructures and possibly act as a parameter for predicting a materials relative susceptibility to different environments and loading conditions. In the current work, the shallowest gradient is observed at 1% applied strain for prismatic slip in the α 2 -containing sample (-1.68), suggesting that this is the most heterogeneous condition whereas the gradients for the other slip systems are significantly steeper (i.e. 
Conclusions
By utilising the nanoscale spatial resolution of the high resolution DIC technique we were able to quantify the known increase in strain localisation due to α 2 precipitation compared to an α 2 -free sample. The experiments on the different material conditions indicate that the level of deformation at 1% applied strain is more homogeneous in the α 2 -free sample compared to the one that contains α 2 precipitates. The maximum to average shear strain ratio in the α 2 containing condition was approximately 20 compared to 11-12 in the α 2 -free material, showing a significant difference in the relative heterogeneity between the two conditions. This was related to the increased slip planarity associated with α 2 . At higher applied strain the strain patterns became more comparable for the two conditions.
Slip trace analysis based on HR-DIC is a technique that was used to identify the primary slip system for each grain.
This allowed the plastic deformation behaviour to be directly correlated with prismatic, basal and pyramidal slip, respectively. Significantly, the shear strain contribution relative to the active slip system indicated that for the sample α 2 precipitation, at low plastic deformation, grains that had deformed by prismatic slip exhibited the most heterogeneous strain behaviour with maximum normalised
shear strain values of 15 compared to 8 in grains that had deformed by basal slip. This level of strain heterogeneity for prismatic slip was not evident in the sample without α 2 precipitates. Furthermore, the high degrees of localised deformation in the grains that had deformed by prismatic slip remained higher at increased applied strains for the α 2 -containing sample. This was not the case for the α 2 -free sample.
Finally, calculating the gradient of the linear portion of the nanoscale frequency distributions was shown to give a quantitative way of characterising and thus comparing the level of strain heterogeneity between the α 2 and non-α 2 containing samples and could subsequently be used to compare the deformation behaviour across materials with different microstructural properties.
